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ABSTRACT 
This report summarizes the in-plane performance of the Twister Connector Heavy Duty or TCHD developed by 
Universal Form Clamp Company.  The connector is intended for use as flange-to-flange connectors between precast 
double tee panels with 4-in. flanges. The connector was tested under monotonically increasing shear, monotonically 
increasing tension, cyclic shear, and monotonically increasing shear with tension opening of half the shear 
deformation.  The resulting capacities and associated damage are summarized in the report.  This work was funded 
by Universal Form Clamp Co. and was conducted at the ATLSS Center at Lehigh University. 
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BACKGROUND 
As a means of assessing the displacement capacity and structural stiffness of connections in precast diaphragms, an 
experimental study was conducted.  A subassembly consisting of the connector and a portion of the surrounding 
diaphragm was developed.  The subassemblies include two connectors embedded in a standard 4-in. precast section.  
All specimens were fabricated at full-scale.  This report summarizes the experimental results of the TCHD Twister 
connector tested under displacement control in monotonic tension, monotonic shear, cyclic shear and combined 
shear with tension.   
SUBASSEMBLY DETAILS  
The subassembly was developed assuming that the connectors are spaced at 4 feet and embedded in a double tee 
panel with a 2ft distance from the DT web to the free flange face.  The test specimens are fabricated from two panels 
2ft wide and 4ft long (Figure 1).  The panels are connected to form a 4ft square subassembly.  Welded wire 
reinforcement (WWR) is included in each panel to meet ACI temperature and shrinkage reinforcement 
requirements.  In addition to the WWR conventional reinforcement is used to maintain integrity during testing.  The 
bars are placed at the periphery of the panel to minimize influence on the connector response.  The supplemental 
reinforcement is illustrated in Figure 3. 
The TCHD Twister Connector developed by Universal Form Clamp Company is evaluated.  The connector (Figure 
2) is designed for placement in 4-in. double tee flanges.  It is fabricated from ASTM A36 steel and welded to the 
adjacent panel using an A36 steel slug and E7018 weld electrode.  Both welds were conducted at room temperature 
using a SMAW process according to AWS specifications. 
Twister
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Figure 1:  Specimen details  
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Figure 2: TCHD Twister Connector 
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Figure 3: Supplemental reinforcement layout and construction details 
DEFORMATION PROTOCOLS  
The connector was evaluated under in-plane shear, tension, and combined shear with tension.  All tests were 
conducted under quasi-static displacement control at a rate less than 0.05in/sec.  The tests were continued until 
failure.  Failure is defined as the point where the specimen capacity drops below 25% of the measured ultimate. Five 
displacement protocols have been developed to represent the spectrum of demands a local diaphragm connector 
could experience under lateral loading [Naito 2005]. Four of these deformation protocols were used in the current 
study:  
1. Monotonic Shear 
2. Cyclic Shear 
3. Monotonic Tension 
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4. Monotonic Shear with Proportional Tension 
Monotonic Shear 
The monotonic shear tests were conducted to evaluate the connector response under pure shear deformation.  The 
original panel separation of was maintained through the test.  The test represents the joint condition where the panels 
are shearing without any flexural opening or closing.  The test thus provides an estimate of average connector yield, 
peak strength, and the deformation capacity.  Monotonic shear protocol consists of three cycles to 0.01-in. to 
estimate initial stiffness and verify equipment operation.  Afterwards, the specimens were loaded monotonically to 
failure (Figure 4).  
Cyclic Shear 
Cyclic shear tests provide insight on the degradation of shear properties (i.e., stiffness and ultimate strength) under 
loading reversals. The loading protocol is based on the PRESSS program [Priestley 1992]. Three preliminary cycles 
to 0.01-in. are conducted to evaluate control and acquisition accuracy.  The remaining protocol consisted of groups 
of three symmetric shear cycles at increasing deformation levels.  Each level is based on a percentage of a reference 
deformation computed from the preceding monotonic test.  The reference deformation represents the effective yield 
deformation of the connector.  It is computed by taking the intercept of a horizontal line at the max load and a secant 
stiffness line at 75% of the max load (Figure 4 inset). Three elastic levels of 0.25D, 0.50D and 0.75D followed by 
inelastic cycles to 1.0D, 1.5D, 2.0D, 3.0D, 4.0D, 6.0D, 8.0D, etc… were conducted. The loading protocol is 
illustrated in Figure 4.  
Monotonic Tension 
In current diaphragm design, the flexural diaphragm tensile forces are assumed to be resisted by the chord 
reinforcement. The contribution of shear connectors to flexural resistance is commonly neglected. Previous research 
has shown that in many cases web connectors provide high tension stiffness.  To quantify the relative tensile 
contribution of the web connectors and chord connectors, a monotonic tension tests were conducted.  The loading 
protocol consisted of three tension/compression deformations to 0.01-in. followed by a monotonically increasing 
tension deformation to failure (Figure 5).  The test was paused at each 0.1-in. for observations.  
Monotonic Shear with Proportional Tension: 
The monotonic shear with tension test consisted of three cycles of 0.01-in. in shear and a proportional 
tension/compression deformation (Figure 6). The shear and tension deformations will be increased proportionally 
using the chosen constant shear-to-tension deformation ratio.  The test will be paused at each 0.1–in of shear 
deformation for observations.  The test is performed with either zero joint opening or with an initial opening of 0.10-
in. and kept constant through the test. 
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Figure 4: Shear loading protocol 
Tmax
0.75Tmax
∆
Monotonic 
response
Force
Displacement
Applied 
Tension/Compression 
Displacement
Note,  ∆=Reference Deformation
1.0∆
0
Tension Displacement
10 20 30 Cycle #
3@0.01"
Mon
oton
ically
 Incr
easin
g Di
splac
emen
t
In
cr
ea
se
 in
 in
cr
em
en
ts
 o
f
2.
0∆
 un
til
 fa
ilu
re
Shear Displacement  
Compensation to 
provide zero shear
3@.25∆ 3@0.5∆
3@.75∆ 3@1.0∆
3@1.5∆
3@2.0∆
3@3.0∆
3@4.0∆
3@6.0∆
2.0∆
3.0∆
4.0∆
5.0∆
6.0∆
7.0∆
8.0∆
Applied 
Tension/Compression 
Displacement
Compression Force
Deform in Compression until Force Equals Preceding Cycle Tension Force  
 
Figure 5: Tension/Compression protocol 
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Note,  ∆v=Reference Shear Deformation
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Figure 6: Combined Tension/Compression Shear protocol  
MATERIAL PROPERTIES 
The base 4-in. precast panels was fabricated using ready mix concrete with design 28-day strength of 6000 psi.  The 
measured compressive strengths from 4x8 cylinder tests indicate that the concrete panels were between 5 ksi and 6 
ksi when tested.  The WWR used in the base panel met the requirements of ASTM A185 grade 65 steel. The 
connectors were furnished by Universal Form Clamp.  Material data supplied with the connectors indicated that the 
TCHD connector was fabricated from A-36 steel, plate properties were not available.  The slugs were fabricated 
from A-36 steel. The measured concrete strengths and mill certified steel properties are presented in Table 1. 
Table 1:  Material Properties Capacity 
Age of Concrete Compressive Strength, f’c (psi) 
7-day 4880 ±280 
28-day  5490 ± 430 
Size Reinforcement Usage Grade Yield Stress (ksi) Ultimate Strength (ksi) 
4x1x3/8 Connector Slug A36 45.7 68.9 
#4  Reinforcing Bars A706 68.0* 90.0* 
W2.9XW2.9 6X6 Precast Panel Mesh A185 Gr.65 65.00* 108.5* 
* Data unavailable, value assumed 
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TEST A1: TCHD TWISTER CONNECTOR UNDER MONOTONIC TENSION 
The performance of the TCHD subjected to monotonic tension is presented in this section. The panel was subjected 
to tension displacement with the shear force unrestrained, Fv=0. Connector damage progression consisted of 
faceplate bending followed by concrete cracking adjacent to the connector at the leg-to-faceplate bend.  Loss in 
capacity occurred due to pullout of the connector tension legs at 0.32-in and 2.22-in.  The observed key events and 
the corresponding displacement level are presented in Table 2. The photos of the damage are presented in Figure 7 
and Figure 8. The global force deformation response and backbone curve are presented in Table 3 and Figure 9. 
   
Figure 7:  Damage state at 0 and 3.0 inch tensile opening 
a)   b)  
c)  
Figure 8:  Damage at tension displacement of a) 0.8–in., b) 1.8-in. c) post test 
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Table 2:  Key Test Observations TCHD (Monotonic Tension) 
Event # Tensile ∆ [in.] Event Description 
1 0.06 Slight bending of faceplates visible. 
2 0.4 Cracking at connector edges. 
3 0.5 Concrete cracking audible. Spalling near connector. 
4 0.6 Pronounced bending of the fixed panel connector faceplate. 
5 0.7 Spalling near connector. Cracking visible behind fixed panel connector faceplate. 
6 0.9 Spalling near connector. Concrete cracking audible. 
7 1.1 Spalling of concrete underneath fixed panel. 
8 1.4 Weld tearing initiated. 
9 1.5 Weld tearing progressed slightly. 
10 1.7 Slight concrete cracking audible. 
11 1.8 Concrete spalling underneath fixed panel. 
12 2.2 Concrete cracking audible. 
13 2.3 Concrete spalling at leg in fixed panel. 
14 2.4 Concrete cracking audible. Concrete spalling under fixed panel. 
15 3.5 Concrete cracking audible. 
 
Table 3:  Experimental Results Backbone Curve TCHD (Monotonic Tension) 
Event Tensile Displacement [in.] Tensile Force [kips] 
- 0.021 2.84 
Slight faceplate bending 0.144 5.98 
Max load-Tension leg pullout 0.317 7.99 
- 0.717 2.38 
Significant concrete spalling in 
fixed panel  
1.060 1.61 
Remaining tension leg pullout  2.210 2.30 
- 2.251 0.39 
- 2.538 0 
End of test 3.525 0 
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Figure 9:  Force and axial displacement 
 ATLSS 06-09 Universal Form Clamp Co. TCHD Twister Connector  Page 9 of 18 
 Final Report 
TEST A2: TCHD TWISTER CONNECTOR UNDER MONOTONIC SHEAR 
The performance of the TCHD subjected to monotonic shear is presented in this section. The panel was subjected to 
shear displacement with the tensile displacement restrained, ∆T=0. Connector damage initiated with diagonal 
cracking in the free panel followed by local cracking at the connector leg and pullout of the connector tension leg 
between 0.2-in and 0.3-in. of shear deformation.  After pullout the connector maintained a minimal level of shear 
resistance.  The shear resistance was provided by bearing of the compression leg.  The observed key events and the 
corresponding displacement level are presented in Table 4. The photos of the damage are presented in Figure 10 and 
Figure 11. The global force deformation response and backbone curve are presented in Table 5 and Figure 12. 
   
Figure 10:  Damage state at 0 and 3.0-in. shear 
a)  b)  
c)  d)  
Figure 11:  Damage state at a) 0.3-in., b) 1.0-in., c) 2.0-in. of shear, and d) post test 
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Table 4:  Key Test Observations TCHD (Monotonic Shear) 
Event # Shear ∆ [in.] Event Description 
1 0.06 Cracking observed near connector. 
2 0.1 Large diagonal crack on free panel. 
3 0.2 Additional diagonal crack on free panel. 
4 
0.3 Concrete cracking audible. More cracking around tension leg of connector and 
extension of existing cracks. 
5 0.4 Extension of existing cracks. 
6 
0.8 Minor spalling near connector on free panel. Bending of compressive leg in free 
panel. 
7 1 Concrete cracking audible. 
8 1.4 Concrete cracking audible. Spalling near the connector in free panel. 
9 1.5 Spalling on free panel at the connector. 
10 1.7 Spalling underneath the panel. 
11 1.8 Spalling underneath the panel. 
12 1.9 Concrete cracking audible. 
13 2.1 Concrete spalling underneath panel. 
14 2.5 Concrete cracking audible. 
15 2.8 Spalling underneath the free panel. 
16 3 Concrete cracking audible. Spalling from underneath the free panel. 
17 3.5 Concrete cracking audible. 
 
Table 5:  Experimental Results Backbone Curve TCHD (Monotonic Shear) 
Shear force – Shear deformation Axial force – Shear deformation 
Step Shear Displacement Shear Force Shear Displacement Axial Force 
 0 0 0 0 
Diagonal cracking on free panel 0.099 27.48 0.1 -6.06 
Max load-Diagonal cracking 0.245 40.18 0.127 -18.77 
Tension leg pullout 0.300 27.33 0.245 -31.39 
- 0.421 15.34 0.315 -15.70 
- 0.631 9.49 0.418 -8.56 
- 0.866 6.55 0.631 -3.45 
- 2.566 8.02 3.023 -3.24 
End of test 3.011 5.80 3.496 -5.16 
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Figure 12:  Force and shear displacement 
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TEST A3: TCHD TWISTER CONNECTOR UNDER CYCLIC SHEAR 
The performance of the TCHD Twister Connector subjected to cyclic shear is presented in this section. The panel 
was subjected to a cyclic shear displacement with the tensile displacement restrained, ∆T=0. Connector damage 
initiated with diagonal cracking in the free panel.  This was followed by pullout of the connector tension legs in the 
free panel in the 0.249-in deformation cycle resulting in a significant loss in capacity. The compression loading on 
the legs produced failure wedges on either side of the connector as illustrated in Figure 14 b.  Post peak increase in 
resistance was measured.  These increases in capacity after pullout are attributed to compression leg bearing at the 
gap between panels. The observed key events and the corresponding displacement level are presented in Table 6. 
The photos of the damage are presented in Figure 13 and Figure 14. The global force deformation response and 
backbone curve are presented in Table 7, Figure 15 and Figure 16.   
   
Figure 13:  Damage state at 0 and 0.996-in. shear deformation 
a)  b)  
Figure 14:  Damage state at shear deformation of a) 0.17-in. and b) 0.50-in. 
Table 6:  Key Test Observations TCHD (Cyclic Shear) 
Event # Shear ∆ [in.] Event Description 
1 0.0415 Concrete cracking near connector on free panel. 
2 -0.0415 Additional cracking on free panel. 
3 0.083 Diagonal cracking across free panel. 
4 0.1245 Additional diagonal cracking on free panel. 
5 0 Concrete cracking audible. 
6 -0.1245 Cracking near connector on free panel. Diagonal cracking formed. 
7 0 Additional diagonal cracking on free panel. 
8 0.249 Large spalling at compression leg on free panel. Additional free panel cracking. 
9 -0.249 Visible concrete movement/ cracking near spalled area of free panel. 
10 0.332 Large spalling near compression leg in free panel. 
11 -0.332 Large spalling near compression leg in free panel. 
12 -0.498 Compression leg of connector bearing on loose concrete. 
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13 0.498 (3rd cycle) Additional diagonal cracking on free panel. 
14 -0.664 Fracture of WWR strand connected to the loose concrete. 
15 0.664 (3rd cycle) Visible concrete movement near connector. 
16 0.996 Additional spalling. 
17 -0.996 Extensive widening of diagonal cracking & block shear on free panel. 
18 0.996 (3rd cycle) Large concrete section lost at connector leg on free panel. 
19 -1.328 Spalling underneath the panel. 
20 0 Concrete cracking audible. 
 
Table 7:  Experimental Results Backbone Curve TCHD (Cyclic Shear) 
Step Shear Displacement Shear Force 
Concrete spalling -1.257 -2.233 
- -0.802 -17.212 
Bearing on concrete in joint  -0.464 -20.878 
- -0.335 -13.248 
Max reverse load, tension leg pullout -0.16 -30.988 
Cracking near connector -0.018 -9.524 
- 0 0 
Cracking near connector 0.007 9.947 
Max load, tension leg pullout 0.16 35.707 
- 0.188 20.337 
- 0.325 7.454 
Bearing on concrete in joint 0.909 13.04 
End of test 1.279 4.329 
 
-40
-30
-20
-10
0
10
20
30
40
-1.5 -1 -0.5 0 0.5 1 1.5
Shear Displacement [in]
Fo
rc
e 
[k
ip
s]
 
Figure 15:  Shear force and displacement 
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Figure 16:  Axial force and shear displacement 
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TEST A4: TCHD TWISTER CONNECTOR W/ MONOTONIC SHEAR & TENSION WITH ∆T/∆V=0.5 
The performance of the TCHD Twister Connector subjected to monotonic tension and shear is presented in this 
section. Tension to shear deformation was applied at a constant ratio of ∆T/∆V = 0.5. Connector damage initiated 
with concrete cracking near the compression leg in the free panel followed by a spread of diagonal cracking and 
pullout of the connector tension legs.  The first pullout was observed at a shear deformation of 0.12-in. and pullout 
of the remaining leg occurred at 0.98-in. shear.  The observed key events and the corresponding displacement level 
are presented in Table 8. The photos of the damage are presented in Figure 17 through Figure 19. The global force 
deformation response and backbone curve are presented in Table 9, Figure 20 and Figure 21. 
   
Figure 17:  Damage state at 0 and 1.5 inch shear opening 
a)  b)  
Figure 18:  Damage state at shear deformation of a) 0.2-in. and b) 0.3-in. 
  
Figure 19:  Damage state at shear deformation of 1.0-in. tension deformation of 0.5-in. 
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Table 8:  Key Test Observations TCHD (∆T/∆V = 0.5) 
Event # Shear ∆ 
[in.] 
Tension 
∆ [in.] Event Description 
1 0.01 0.005 Cracking at compression leg. 
2 0.06 0.03 Present cracks extend and new cracks formed at tension leg. 
3 0.2 0.1 Diagonal crack formed. 
4 
0.3 0.15 Crack widening occurred with spalling from the top surface and faceplate 
bending. 
5 0.4 0.2 Concrete cracking audible. Concrete spalling from top of free panel. 
6 0.5 0.25 Concrete cracking audible. 
7 0.6 0.3 Concrete cracking audible. Spalling audible from underneath panel. 
8 0.7 0.35 Concrete cracking audible. 
9 0.8 0.4 Concrete cracking audible. Spalling audible from underneath panel. 
10 0.9 0.45 Concrete cracking audible. 
11 1 0.5 Concrete cracking audible. 
12 1.1 0.55 Concrete cracking audible. 
 
Table 9:  Experimental Results Backbone Curve TCHD (∆T/∆V = 0.5) 
Shear force-deformation Axial force-deformation 
Step Axial ∆ Shear ∆ Shear Force Axial ∆ Shear ∆ Axial Force 
- 0.008 0.015 12.82 0.016 0.032 0.60 
Max load-Diagonal cracking 0.062 0.123 29.63 0.055 0.109 -1.71 
Tension leg pullout 0.103 0.206 20.15 0.081 0.161 -4.27 
- 0.103 0.206 17.01 0.101 0.202 -1.30 
- 0.145 0.289 14.73 0.435 0.869 -0.22 
- 0.253 0.505 15.79 0.751 1.501 -0.09 
Leg pullout 0.491 0.982 13.78    
- 0.515 1.029 10.52    
End of test 0.753 1.505 9.49    
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Figure 20:  Force and axial displacement 
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Figure 21:  Force and shear displacement 
CONCLUSIONS 
The TCHD Twister Connector developed by Universal Form Clamp Company was examined under in-plane loads.  
The connector is intended for use as flange-to-flange connectors between precast double tee panels with 4-in. pre-
topped flanges.  The connectors were precast in 2-ft. x 4-ft. panels of appropriate thickness.  The connectors were 
tested under monotonically increasing shear, monotonically increasing tension, cyclic shear, and monotonically 
increasing shear with tension opening of half the shear deformation.   
The resulting capacities of the connector under the different demands are summarized in Table 10.  The cyclic shear 
resulted in a decrease in load capacity of approximately 10%.  The tension capacities reached approximately 8 kips.  
The shear with opening test indicated that the TCHD connector force capacity was sensitive to opening.  A reduction 
in shear capacity of approximately 25% was measured.  Nevertheless TCHD connector was still capable of resisting 
significant shear under the combined condition.  
The shear backbone responses are summarized in Figure 22.  In shear the TCHD connector is stiff with an abrupt 
loss in capacity after peak.  Cyclic shear accelerates the strength loss for TCHD connector.  TCHD connector 
exhibited a stiff elastic–brittle tension response.   
Table 10:  Maximum load capacity [kips] 
Connector MT MV CV MTV 
TCHD 7.99 40.18 35.71 / -31.00 29.63 
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Figure 22: Comparative shear response of TCHD connector 
 
